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Abstract: Batteries are used in various combinations in various fields. Research on single-cell batteries
is well underway and is approaching a stabilization phase. However, problems caused by battery
combinations are still insufficiently studied. The purpose of this study was to investigate the cause
of fires due to gradual damage in a large-capacity energy storage system (ESS). In the paper Energy
Storage System Safety Operation Plan by Preventing Overcharge During Relaxation Time, which was based
on the fact that most fires in large-capacity energy storage devices occurred during the diastolic
period, it was proven that the inflow of compensation current due to a voltage imbalance in the cell
was the cause. The total amount of compensation current is determined by the voltage deviation
of the battery. Batteries connected in series have different rates of aging due to differences in their
capacities. Thus, with use, the total amount of compensating current continues to increase until a fire
occurs. In this study, by analyzing the effect of battery-capacity deviation on the aging of individual
cells, it was confirmed that the capacity deviation increased as the battery was used, resulting in
an increase in the total amount of compensation current. In addition, if a solution to the problem is
presented and the proposed solution is applied, the allowable range of battery-capacity deviation will
be widened. We used Matlab 2009a, assuming a real environment. Using Simulink, problems were
identified through simulation, improvement measures were suggested, and the proposed method
was verified via simulation.

Keywords: relaxation time; compensation current; battery aging; capacity deviation; battery fire

1. Introduction

The UK’s Office of Science and Technology (POST) coined the term ‘carbon footprint’
in 2006 to calculate carbon emissions and regulate them to combat climate change [1]. In
the US, “off-cycle credits’ are given and cannot be applied to the existing fuel efficiency
certification, but credits are given for technologies that are effective at improving fuel
efficiency and preventing global warming [2].

Currently, in many fields, energy is efficiently managed by adding batteries to various
products in series or in parallel. The capacities of batteries cannot be 100% the same.
Therefore, cell balance is absolutely necessary in a battery system. This cell balance is
mainly performed in two ways. One is based on the voltage of the battery, and the other is
based on the capacity of the battery. Cell balancing based on capacity is a burden because
the capacity of each cell connected in series in the BMS must always be calculated [3,4].
Therefore, in the field, balancing based on voltage is applied. When explaining cell balance,
conventionally, the function is described only on the basis of the voltage of the battery [5-9].
However, the non-capacity approach hampers our understanding of battery systems.

The capacity of series-connected batteries is increasing, but the cell-balance current
is still maintained at about 100 mA. Due to the low cell-balance current, cell balancing is
performed for batteries with small cell capacities that have SOCs of 50% or more, while cell
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balancing is performed with large cell capacities when the SOC is less than 50%, and the
cell balancing is not operating normally.

Batteries account for about 40% of the price of electric vehicles and for 60% of the price
of large-capacity energy storage devices. In a situation where the cell balance does not
operate normally, the company selling the battery will increase the deviation of its allowable
capacity in order to lower the unit price. In this paper, the effect of the allowable capacity
deviation of series-connected batteries on their aging is analyzed, and a new cell-balancing
method using voltage deviation but based on capacity is proposed as a solution.

In this section, the necessity and problems of batteries were mentioned. In Section 2,
we discuss the effect of capacity variation on aging when batteries are connected in series,
and, in Section 3, we propose a solution to the different aging progress rates. In Section 4,
the verification of the solution is provided by our simulations, and Section 5 presents
our conclusions.

2. Characteristics of Battery Connection Structure

When batteries are connected in series and charged to the maximum voltage with a
single-power charger, the same voltage distribution as that of a capacitor occurs due to
the difference in capacity [10-12]. Passive balancing is performed to eliminate this voltage
difference and produce a uniform voltage [6,13,14].

Over time, battery capacity increases, and charging time is shortened. However, a
constant passive-balancing resistor value increases the time required for passive balancing
and creates a situation in which cell balancing must be performed even after charging
is complete. In addition, automakers do not perform cell balancing after the charging
of electric vehicles is finished to prevent electric bus fires. As a result, the cell voltage
remains unstable for a long time, which is somewhat dangerous [15,16]. When charging
and discharging batteries connected in series, the aging of small-capacity cells is accelerated
because the charging and discharging conditions are different for each cell due to the
voltage distribution caused by the battery capacity deviation [17]. In terms of cell balancing,
it is necessary to prevent the small-capacity cells from rising above the charging voltage, but
a low cell-balance current cannot allow this and cannot prevent the cell’s charging voltage
from rising. Batteries have a lifespan. We refer to it by the term state of health (SOH), and
battery manufacturers guarantee the cycle life of cells until the SOH reaches 80% due to
repeated charging and discharging under constant charging and discharging conditions.
Guaranteed cycle life is implemented under the assumption that it is always consistent,
but conditions such as different charging voltages and C-rates caused by temperature and
humidity and capacity variations in actual sites are not constant.

2.1. Characteristics of Series-Connected Batteries

Figure 1 shows a case where a series connection is used to increase the voltage of the
battery. Figure 2 is a diagram showing the capacity deviation of each battery when the
selected batteries are connected in series. Although they look like the same battery with
the same voltage and state of charge, they actually have different capacities.
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Figure 1. Series connection of batteries.
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Figure 2. The difference in aging progress rate according to the area of use of

series-connected batteries.

When batteries of different capacities are connected in series to charge and discharge,
a single current loop is formed for all cells, and the same current flows. Additionally, the
state of charge is different for each battery [3,4].

When charging a series-connected battery with a single power source as shown in
Figure 2, the SOC of battery cells with relatively small capacities generated during the
production process has a relatively high charging voltage [17-19]. In Figure 2, a cell with a
small capacity has a low voltage, as the SOC decreases relatively quickly during discharge.
Due to the voltage deviation occurring at this time, the cutoff condition during discharge
is based on the cell voltage of the cell with the smallest capacity. Therefore, determining
the usage capacity of series-connected batteries is determined by the cell with the smallest
battery capacity. In addition, it can be seen that each battery has a different charging current
C-rate for each cell due to a difference in capacity, which affects the aging rate of the battery.

The effect of cell balance current stagnation can be seen in Figure 2. Since the cell
balance current is low, the energy of a battery with a relatively small battery capacity
decreases at SOC 50% or more. Below SOC 50%, the capacity is relatively low, the energy
of a large battery decreases, and the cell balance does not operate normally.

Thus, batteries with relatively small capacities charge quickly, and batteries with rela-
tively large capacities charge slowly. Near the charging end point, a voltage redistribution
phenomenon occurs due to a sharp DCIR deviation. This increases the charging voltage of
a battery with a relatively small capacity, causing overcharging and rapid aging.

A battery with a relatively small capacity forms charging conditions with a relatively
high voltage and accelerated C-rate aging, and a large-capacity battery forms charging
conditions with a relatively low voltage and slow current aging. As the battery is repeatedly
charged and discharged, the difference in battery capacity increases [17]. As is shown in
Figure 2, when batteries of different capacities are connected in series and charged with
one power source, a battery with a small capacity uses the full SOC, whereas a battery
with a large capacity uses a small portion of the SOC [19]. A battery with a relatively large
capacity has a narrow SOC range; thus, the aging process is slower than that of a battery
with a relatively small capacity.

In addition, as the depth of discharge (DOD) and depth of charge (DOC) approach
100% and 0%, respectively, the performance of the battery deteriorates rapidly [20,21].

As is shown in Figure 2, when charging at a voltage higher than the nominal voltage,
the voltage to a battery with a relatively small capacity is high, and, at a voltage lower than
the nominal voltage, the voltage to a relatively large battery will be high. If the periods of
time with SOC below 50% and above 50% during discharging or charging are the same, it
will result in the same situation. This is because cell balancing operates based on the SOC
at 50%, as is shown in Figures 2 and 3.
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Figure 3. Range of use for series-connected batteries with different capacities.

Figure 4 shows the DCIR temperature characteristics of a pouch-type lithium polymer
battery. Lithium polymer batteries have relatively high DCIR values at close to 100%
SOC and low temperatures [22]. Therefore, a large stray voltage is generated by the
current during charging; thus, less than the actual capacity is charged. Conversely, at high
temperatures, the DCIR value is relatively low, resulting in charging beyond the actual
capacity.

Charge
DCIR
50mQ Low Temp.
ome High Temp.
0% 100% SOC

Figure 4. DCIR temperature characteristics during charging of pouch-type Li-polymer batteries.

In Figure 3, it can be seen that, when charging and discharging assembled series-
connected batteries at a nominal voltage from an SOC of 50%, looking at the area of the
green dotted line in Figure 3, the usage range of the battery SOC with a relatively small
capacity is relatively large. Smaller-capacity batteries inherently have higher internal
resistance [7,19]. Conversely, a relatively large-capacity battery has a small usable area and
low internal resistance. In Figure 3, predicting the internal resistance when the CC-CV
inflection point is reached during charging can be expressed as points on the 10 C charge,
2 C charge, and 0.5 C charge lines. In the case of 2 C charging, since only the DCIR deviation
of the Y-axis is obtained, the deviation of the internal resistance is the shortest. However, in
the case of 10 C and 0.5 C charging, the deviation of the internal resistance becomes larger
because it has both the X-axis and the Y-axis DCIR deviation values.

A greater capacity deviation results in greater deviation in the internal resistance of
the single-supply charge to the SOC. As shown in Figure 3, a small-capacity battery using a
large SOC area has a relatively high depth of discharge (DOD) and depth of charge (DOC).

Therefore, aging proceeds rapidly. The result is a higher DCIR over the entire SOC
area and slower aging of large-capacity batteries due to the narrow SOC area. Accordingly,
the DCIR gap of small-capacity batteries is widening.

Figure 5a shows the reduction in battery life when each charger is connected in a series-
connected battery and charged at the same C-rate proportional to the battery capacity. In
general, the battery life guaranteed by the battery cell manufacturer is guaranteed through
the cell lifespan (EOL—end of life) evaluation due to the capacity reduction in a single cell.
However, when these single cells are connected in series, the battery life is changed by
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the interaction shown in Figure 5b. As the capacity deviation among batteries connected
in series increases, the lifespan of a battery with a relatively small capacity is decreased,
and the lifespan of a battery with a relatively large capacity is increased. A battery with
a small capacity has a relatively large usable area, discharges until SOC 0%, and has a
relatively high DCIR [8,23-27]. Cells with relatively large capacities cannot lower their
SOC until 0%; thus, they have a relatively high voltage, and, due to the low DCIR, the
voltage rise during stabilization is relatively small. Therefore, it can be seen that there is no
significant difference when only simple voltage is compared during rest time. Conversely,
when the SOC is charged to 100%, the SOC cannot reach 100% because there is not enough
current to fully charge a cell with a large battery capacity [10-12,18,23,24]. Therefore, a
cell with a small capacity is charged with a voltage higher than the set voltage due to the
voltage distribution, and a cell with a relatively large capacity is charged with a lower
voltage [7,19].

Ah —— Small Capacity Ah —— Small Capacity
— Normal Capacity Normal Capacity
Large Capacity . y -y Large Capacity
T .
EOL Cycle EOL Cycle

(@) (b)

Figure 5. Aging of series-connected batteries. (a) Individual charge. (b) Effect of capacity variation
on single-supply charging.

2.2. Charging/Discharging Characteristics of Series-Connected Batteries and Ideal Aging

In response to consumers’ demands for short charging times and long usage times,
the chargeable current and capacity have increased. Charging times are shortened, but the
cell-balancing current is still around 100 mA [28]. This section discusses the effect of low
cell-balancing current during charging. A situation occurs where the cell balance does not
operate normally due to low cell-balance current. When discharging, if the time spent in an
SOC of 100-50% and the time spent in an SOC of 50-0% are the same, cell balancing, due to
the voltage deviation, is the same as if the battery were not working. When discharging in
a state where the SOC is 50% or more, cells with small battery capacities have relatively
high SOCs and, thus, have relatively high voltages. When discharging in a state where the
SOC is 50% or less, a cell with a large battery capacity will see a relatively small voltage
drop for the same discharging current as the others; hence, the voltage will be relatively
high. A similar phenomenon occurs in the constant-current (CC) section because the DCIR
is different due to the difference in SOC [23,24]. While charging, the cell balancing works,
but the balancing current is too low for the charging current to function.

An example is provided to improve understanding. Assume that cells with a capacity
of 40 Ah are connected in series and that the cell capacity deviation is 5% (£2 Ah).
Assuming that the quick charge completion time is 30 min and the cell balancing for
the maximum capacity deviation of 4 Ah is 100 mA, the time required for cell balancing
is 40 h [29].

Simulations were performed with Simulink in Matlab 2009a for illustrative purposes.
For the charger and battery, the CCCV battery charger provided by Simulink and the
lithium-ion type library of battery were used (see Figure 6). In Figure 6a, battery 1, battery 2,
battery 3, and battery 4 are 40, 38, 42, and 40 Ah, respectively, and the initial SOC was set to
50%. The 38 Ah cell was discharged at 1.5C (60 A) until it reached 3.0 V. Then, it was charged
at16.4 V/60 A (1.5 C), which is rapid charging, and terminated at % C (20 A) [7]. Batteries
are delivered with nominal voltage and with capacity deviations from the production
process. Figure 6b is the simulation result assuming serial connection assembly with
batteries delivered. When the SOC is below 50%, it can be seen that the voltage of cells
with relatively small battery capacities is lower than that of others [7,8,10,18,25-27]. In this



Batteries 2023, 9, 22

6 of 18

case, when passive cell balancing was performed, the voltage of the large-capacity cell was
lowered. Conversely, when the SOC is 50% or higher, the voltage increase rate of the small-
capacity cell is high and the voltage of the relatively large-capacity cell is low [7,10-12,18].
Therefore, at an SOC of 50% or higher, cells with relatively small capacities are passively
balanced. From the simulation results in Figure 6b, it was confirmed that balancing the cell
with only the potential difference is meaningless.
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Figure 6. Charging/discharging simulations of series-connected batteries. (a) Schematic.

(b) Voltage results.

It took about 38.3 min for fast charging to complete, but the time required for the cell
balancing was over 40 h. The cell balance current stays around 100 mA, but the battery
capacity continues to increase. Therefore, due to the short charge time and long cell balance
time, most of the cell balance energy is consumed after charging is complete [29]. In
large-capacity energy storage devices, cell-balancing progress after the end of charging is a
fundamental cause of fires [30-33]. Table 1 summarizes the simulation results in Figure 6.
At the end of discharge, Cell #3, which has a relatively small battery capacity, has the lowest
voltage, and Cells #1, #2, and #4, which have relatively high voltage, are balanced. At
the maximum voltage, Cell #3, which had a relatively small capacity, had a high voltage;
therefore, cell balancing was achieved by lowering the voltage of Cell #3. In Figure 6,
it is confirmed that the charging conditions of each cell are different due to the voltage
distribution that occurs when charging batteries connected in series [7,10-12,18].
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Table 1. Simulation results of charging and discharging of series-connected batteries.

ITEM Cell #1 Cell #2 Cell #3 Cell #4

Max. Volt. 4107V 4.088 V 4327V 4107V
Max. Volt.

Deviation 239 mv

Min. Volt. 3.209V 3.336 V 299V 3.209V
Min. Volt.

Deviation 337 mv

Simulations were performed to test the effects of different charging conditions on
battery aging. To form a control group, the aging progression simulation for each cell
connected in series and the aging progression simulation for each cell connected in series
when charging with a single power source were performed and compared.

In the simulation in Figure 7a, a lithium-ion battery from Matlab's Simulink library
was used. The charger used the CCCV battery changer library provided by Simulink. The
maximum capacity deviation of each battery is +5%. In the case of the charger, each battery
was charged and discharged with a current of 1 C in proportion to its capacity. As is shown
in Figure 7b, the life cycles of all batteries were set to be the same. The simulation results in
Figure 7c show that each cell was stably charged up to a charging voltage of 4 V and was
uniformly discharged to 3 V for 1 x 107 seconds.

In Figure 7c, it is confirmed that each battery cell was normally charged to 4 V and
discharged to 3 V by applying independent power to each battery cell. To measure the
lifespan, all cells were charged and discharged under the same C-rate condition. Simi-
larly, in Figure 7d, it can be seen that the battery capacity decreased through charging
and discharging.

In Table 2, it can be seen that each battery, each with a different capacity, was charged
and discharged at a rate corresponding to its capacity with a separate power source so that
the aging of each cell similarly progressed to 24.91%. In addition, it was confirmed that the
highest and lowest voltages were equally applied at 4.007 V and 2.994 V.

Table 2. Simulation results for single-cell charging and discharging.

Item Cell #1 Cell #2 Cell #3 Cell #4
Ti Os 4.653 Ah 5.118 Ah 4.188 Ah 4.653 Ah
me 1x107s 3.494 Ah 3.843 Ah 3.145 Ah 3.494 Ah
Capacity change 1.159 Ah 1.275 Ah 1.043 Ah 1.159 Ah
Rate of change 24.91% 24.91% 24.90% 24.91%
Max. Volt. 4.007 V 4.007 V 4.007 V 4.007 V
Max. Volt. Deviation 0mV
Min. Volt. 2994V 2994V 2994V 2994V

Min. Volt. Deviation 0mV
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Figure 7. Aging simulation for single-cell charging with capacity differences. (a) Schematic.
(b) Battery settings. (c) Voltage results. (d) SOH results.
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2.3. Aging of Series-Connected Batteries during Charging and Discharging

To check the effect of the changes in capacity of batteries connected in series on aging,
a simulation was performed (see Figure 8) where the capacity deviation of the battery
was £5%. The effect of the capacity deviation was confirmed by simulating a case where
the capacity deviation of the battery was +10% (see Figure 9).
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Figure 8. Series connection aging simulation with £5% capacity deviation. (a) Schematic. (b) Voltage
results. (c) SOH results.

Charging was simulated from a single power source to simulate a charger at an electric
vehicle charging station. Figures 8 and 9 are the same cycle simulation diagrams of a
charger at a general charging station when charging and discharging the battery repeatedly.
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Figures 8b and 9a show that the charging voltages of battery cells with different capacities
change because the aging progress of the battery cells differs as charging and discharging
are repeated. The DCIR during charging is L-type, as is shown in Figure 4, and has a fairly
consistent resistance value.
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Figure 9. Series connection aging simulation with +10% capacity deviation. (a) Voltage results.
(b) SOH results.

Figure 8c shows how the total capacity of each battery changes as the battery
charge/discharge cycle progresses. In addition, Table 3 summarizes the capacity values for
each cell. Unlike Figure 7d, it can be seen that the capacity deviation ratio is different in the
simulation in Figure 8c. In Table 3, it can be seen how the rate of charge changed for each
cell compared to Table 2. In Figure 8, voltage distribution occurs when batteries of different
capacities are connected in series. This is because the charging voltage conditions of the
batteries are not the same, and the charging C-rate also varies because the capacity does.
That is, as can be seen in Table 3, since charging conditions are different for each battery, a
cell with a relatively small battery capacity ages relatively quickly. In addition, the increase
in the allowable capacity deviation of series-connected batteries accelerates the aging of
batteries with relatively small capacities. This vicious cycle repeats itself [34-36].

Table 3. Aging progress results of series connection with +5% capacity deviation.

Item Cell #1 Cell #2 Cell #3 Cell #4
T 0s 4.653 Ah 4.886 Ah 4.420 Ah 4.653 Ah
me 1x107s 3.556 Ah 3.831 Ah 3.273 Ah 3.556 Ah
Capacity change 1.097 Ah 1.055 Ah 1.147 Ah 1.097 Ah
Rate of change 23.58% 21.59% 25.95% 23.58%
Max. Volt. 4.0056V 3997V 4.042V 4.005V
Max. Volt. Deviation 45 mV
Min. Volt. 3254V 3.392V 2994V 3.254V
Min. Volt. Deviation 398 mV

At the point in the cycle when the capacity differences among series-connected batter-
ies begin to increase, the state of charge deteriorates and the voltages of cells with relatively
low capacities reach over voltage protection (OVP) due to rapid aging, creating a dangerous
situation [17].

In Table 3, for charging with a single power source, it can be seen that the aging of
the battery will not proceed in the same way. Additionally, it can be confirmed that the
charging voltage of the remaining battery is different from the intended voltage due to
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the influence of the smallest battery cell. Figure 9 shows a simulation performed under
the same conditions as in Figure 8a, except that we changed the capacity deviation of the
batteries connected in series from +5% to +10%. The voltage result is inserted in Figure 9a,
and the change in capacity is shown in Figure 9b.

Table 4 summarizes the simulation results. Table 4 shows that the rates of aging were
different from those of Table 3. The average-capacity cell showed relatively less aging at
23.17%, and the large-capacity cell aged 19.56%. The small-capacity cell showed relatively
more aging: 28.20%. The reason can be found in the maximum and minimum voltages
during charging and discharging and the charging C-rate. A cell with a relatively small
capacity was charged with a voltage higher than 4.0 V—a maximum voltage of 4.085 V—
and a cell with a larger capacity was charged with a relatively lower voltage: 3.990 V.
Additionally, in the case of discharge, the small-capacity cell was discharged to 2.994 V, but
the large-capacity cell was discharged only to 3.542 V. This is because the use area of the
large-capacity cell is relatively narrow, causing a difference in the aging rate. Additionally,
since the charging current was fixed to 4.5 A and applied at once, the charging C-rate of
each battery was also different.

Table 4. Aging progress results of series-connected batteries with +10% capacity deviation.

Item Cell #1 Cell #2 Cell #3 Cell #4
T 0s 4.653 Ah 5.118 Ah 4188 Ah 4.653 Ah
me 1x107s 3.575 Ah 4118 Ah 3.007 Ah 3.575 Ah
Capacity change 1.078 Ah 1.001 Ah 1.181 Ah 1.078 Ah
Rate of change 23.17% 19.56% 28.20% 23.17%
Max. Volt. 4.004V 3.990 V 4.085V 4.004V
Max. Volt. Deviation 95 mV
Min. Volt. 3.396 V 3542V 2994V 3.396 V
Min. Volt. Deviation 548 mV

The initial charging C-rates of Cells #1, 2, 3, and 4 were 0.967, 0.879, 1.093, and
0.967 C, respectively; however, at 1 x 107 s, their capacities were 1.272, 1.100, 1.523, and
1.272 C, respectively. The relatively high charging C-rate of small batteries shows that it is
accelerated by aging.

Table 5 shows data comparing Tables 2—4. When individual charging is performed,
there is no voltage distribution phenomenon; hence, the lifespan with charging and dis-
charging is the same regardless of the capacity deviation. However, it can be seen that
charging by a single power source results in different lifespans in series-connected batteries
with variations. In addition, the deviation of the battery doubled from +5% to +£10%,
but it can be seen that the aging rate of Cell #3, which had the smallest battery capacity,
increased more than threefold, from —1.05% to —3.30%. Conversely, it can be seen that
aging progressed slowly in the remaining cells.

Table 5. Progression of aging in series-connected cells with different capacities. The simulation time
for each condition was the same.

Capacity Change Rate (%)

ITEM

Cell #1 Cell #2 Cell #3 Cell #4

Individual charging ¥ 24.91% 24.91% 24.90% 24.91%

+5% deviation Single power charging ? 23.85% 21.59% 25.95% 23.58%
+10% deviation Single power charging ) 23.17% 19.56% 28.20% 23.17%
(1)-(2) Rate of Change 1.33% 3.32% —1.05% 1.33%

(1)-(3) Rate of Change 1.74% 5.35% —3.30% 1.74%

Aging progress Deceleration Deceleration Acceleration Deceleration
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3. Proposed Cell-Balancing Method
3.1. Causes of Voltage Distribution

The simulation was performed by applying MCC-CV to a multicell battery. In the MCC,
the current is 10 C-5 C-2 C, which is charged with the charging current changing [28,32]. The
charging current conversion condition was such that, when 10 C reached the CV voltage, it
was changed to 5 C, and, when 5 C reached the CV voltage, it was converted to 2 C.

The method proposed in this paper does not aim to complete the balancing in a short
time with a low balance current but to reverse the progressive damage caused by repeated
charging and discharging cycles. In Figure 3, the reference point of cell balancing is an SOC
of 50%. However, for the method proposed in this paper (shown in Figure 10), the cell
balancing reference point was set to 100% SOC, and the balancing was carried out.

“___7 Battery usage range
e SOC 50%
Full Discharge
* Full Charge
e CC—-CV inflection point

[EIR CC-CV inflection point by
charging current

Aging I Normal Capacity

Large Capacity

———— e - — —

s s el e s i

0% 100% SOC

Figure 10. Battery usage area using the proposed cell balancing method.

In order to move the reference point of cell balancing in the direction shown in
Figure 10, additional conditions are required apart from performing cell balancing with a
simple voltage. A cell with the largest battery capacity must be found, and the balancing
operation of the other cells must be performed only when the voltage of the cell with the
largest capacity is higher than that of the cell.

As shown in Figure 10, all cells reached SOC 100% at the time of completion of
charging so that the DCIR deviation had only Y-axis values. At the beginning of shipment,
the capacity deviation of the battery was checked and managed so that the aging process
at the initial stage of shipment did not proceed quickly, and the capacity deviation was
reduced at full charge by repeating charging and discharging. At a relatively low voltage,
the DCIR value increases due to the capacity deviation, and the potential difference at
the CC—CV inflection point increases during ultrafast charging, but the problem can be
solved with the MLMCC-CV charging method proposed in a previous paper [33]. Figure 11
shows the flowchart of the proposed cell balancing method. In a battery connected in series,
the cell with the largest capacity is selected. If cell balancing is performed only when the
voltage of this cell is relatively high, repeated charging and discharging moves the cell
balance reference point; compare Figures 3 and 10.
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Figure 11. Proposed cell-balancing flow chart.

AV is the actual measurement of the voltage variation in each cell, and Al is the same
constant for all cells in the series. Rpcyr is a constant determined by the temperature and
the measured OCV from the lookup

This current change can be used to select the cell with the largest battery capacity.

V=IxR
V-V =(1-T)xRpcr
V-V =(1-T) x (« X Rpcrr)
x=AV/(Al X Rpcr), AV=V =V, Al=1-T
o Standard Capacity Error Rate

3.2. Review of the Proposed Cell-Balancing Plan

M

The balancing process was repeated only for cells with a higher voltage than during
charging based on the cells with the largest capacity (see Figure 11). The operating voltage
ranges shown in Figure 10 can be created. A cell-balancing method was proposed so that
the SOCs of all cells reach 100% at the time of completion of charging in order to minimize
the differences in the internal resistance.

The simulation was verified using Simulink in Matlab R2019a; the cell-balancing
method proposed in Figure 12 was applied.

421
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Figure 12. Simulation applying the proposed cell-balancing method.
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As a result of the simulation, as shown in Table 6, the potential difference increased
to 665 mV in the low-voltage section; however, since the SOC was equal to 100% in the
highest-voltage section, the potential difference between cells was 2 mV, confirming that it
was safe from dangerous voltage differences.

Table 6. Comparison of batteries with the proposed cell-balancing method applied.

ITEM Cell #1 Cell #2 Cell #3 Cell #4

Max. Volt. 4130V 4132V 4130V 4130V
Max. Volt.
Deviation 2mV
Min. Volt. 3.337V 3.486 'V 299V 3.337V
Min. Volt.

.. 487 mV
Deviation

4. Simulation Results

By applying the proposed cell-balancing method, all batteries reach SOC 100% at
the end of charging, and the DCIR deviation is minimal. In addition, this simulation
was conducted with the expectation that the battery aging could be slowed down by
lowering the charging voltage of a battery with a relatively small capacity. Previously
(see Figures 8 and 10), the proposed cell-balancing method was applied in aging simula-
tions with capacity deviations among the series-connected cells, and the simulation was
performed assuming that the cell balancing was completed based on the target SOC of 100%.

4.1. Simulation Result of the Proposed Cell-Balancing Method

We set the capacities of batteries 1, 2, 3, and 4 to 4.5, 4.05, 4.95, and 4.5 Ah, respec-
tively, which are £10% deviations from the central capacity, but the cell balancing target
was shifted from 50% SOC in Figure 3 to 100% SOC, as shown in Figure 10. The initial
states of charge of batteries 1, 2, 3, and 4 were set to 55% (2.475 Ah), 50% (2.025 Ah),
59.09% (2.905 Ah), and 55% (2.475 Ah), respectively, and, when charging was complete, all
SOCs were 100%. All cells were set to arrive at the same time. Battery aging and voltage
changes were confirmed by repeating charging and discharging under the same conditions
as for the simulation in Figure 9. In Figure 13a, the voltage result of each cell is shown. The
results of battery capacity changes are in Figure 13b. For Figures 8-10 and Figure 14, the
simulation time was the same, and Table 7 summarizes the simulation results of Figure 13.

<Voltage (V)> = <Maximum Capacity (Ah)> =
4 T T T T
55} ! LA <Maximum Capacity 4 (Ah)> | |
- <Maximum Capacity 3 (Ah)>
a5 y 1 L L <Maximum Capacity 2 (Ah)>
<Vo|lage (V)> 5t = <Maximum Capacity 1 (Ah)> | |
-

3

<Voltage (V)>

iy <Voltage 2 (V)>

<Voltage (V)> e

x10®

(b)

Figure 13. Aging simulation applying the proposed cell-balancing method. (a) Voltage result.
(b) SOH result.
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Figure 14. Comparative standard aging simulation. (a) Schematic. (b) Voltage result. (c) SOH result.

Table 7. Aging progress when applying the proposed cell-balancing method.

Item Cell #1 Cell #2 Cell #3 Cell #4
Ti Os 4.653 Ah 5.118 Ah 4.188 Ah 4.653 Ah
e 1x107s 3.620 Ah 4.185 Ah 3.020 Ah 3.620 Ah
Capacity change 1.033 Ah 0.933 Ah 1.168 Ah 1.033 Ah
Rate of change 22.20% 18.17% 27.89% 22.20%
Max. Volt. 4.007 V 4.006 V 4010V 4.007 V
Max. Volt. Deviation 4mV
Min. Volt. 3.549 V 3.676 V 2994V 3.549 V
Min. Volt. Deviation 682 mV

The biggest difference between Tables 6 and 7 is the maximum and minimum voltages
that appeared while charging and discharging the battery repeatedly. First, the highest
maximum voltage in Table 6 was 4.085 V for Cell 3. The maximum voltage continued to rise
as the charge/discharge cycles were repeated. However, in Table 7, the maximum voltage
was 4.010 V, and this value was maintained from the beginning of the charge/discharge
cycle. The minimum voltages were 3.549, 3.676, 2.944, and 3.549 V, from the 3.396, 3.542,
2.944, and 3.396 V reference voltages for Cells #1-4, respectively. Cell #3 was the standard
for charging and discharging, resulting in the lack of difference. Second, the aging rate
was slowed not only in Cell #3, which had the smallest battery capacity, but also in Cell #1,
Cell #2, and Cell #4. Cell #1 and Cell #4 slowed senescence by 0.97% from 23.17% to 22.20%,
Cell #2 decreased by 1.39% from 19.56% to 18.17%, and Cell #3 decreased by 0.31% from
28.20% to 27.89%.

4.2. Comparison of Standard Simulation Result

When the capacities of the battery’s cells were different, it was confirmed that the
aging of the battery with a relatively small capacity would be accelerated by connecting
it in series and charging and discharging the unit at the same current. Therefore, to
confirm the effectiveness of the proposed method, a life test was performed under the same
charge/discharge conditions as when a single cell was connected in series. Figure 14 shows
a case in which cells with small battery capacities were charged with a lump current in
series; this gave us comparative data.

The experimental results are shown in Table 8. The battery capacity was set to 4.05 Ah
by reflecting a -10% capacity deviation from 4.5 Ah. The same charge/discharge current
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condition of 1 C (4.5 A) was applied to series-connected batteries. That is, the 1.11C (4.5A)
charging and discharging conditions in the 4.05 Ah battery were compared.

Table 8. Comparison of proposed cell balance with aging.

. Series-Connected Battery Existing Cell Proposed Cell Balance for
Item Single Cell (Cell #3) Balance (Cell #3) Series-Connected Batteries (Cell #3)
- 0s 4.188 Ah 4.188 Ah 4.188 Ah
fme 1x107s 3.025 Ah 3.007 Ah 3.020 Ah
Capacity change 1.163 Ah 1.181 Ah 1.168 Ah
Rate of change 27.77% 28.20% 27.89%
Max. Volt. 4.006 V 4.085V 4010V
Min. Volt. 2994V 2994V 2994V

In the case of a single cell, the aging rate was 27.77%; however, when the proposed
method was applied, it was 27.89%, resulting in an error of 0.12%. In addition, in the case
of the proposed method, the maximum voltage was fixed at 4.010 V; however, in the case
of conventional series-connected cell balancing, the charging voltage continued to rise and
rose to 4.085 V. In the conventional cell balancing method, the maximum voltage continues
to increase until a cell with a relatively small battery capacity causes a fire while repeating
charging and discharging.

5. Conclusions

As a result of examining the aging progress of a battery by applying the proposed
cell-balancing method, only the battery with the smallest capacity was expected to slow
down the aging process, but it was confirmed that the aging process slowed down in all
cells of the battery. Rather, aging showed the greatest effect in the cells with the largest
capacity. Further studies on these results will be conducted. Research was conducted with
the goal of identifying the cause of battery fires and solving the problem. As a result of
simulating the aging of a battery by applying the proposed cell balance method, it was
possible to observe a clear difference from the maximum voltage of the battery cell when
the battery was charged in the conventional manner as the aging progressed. In the existing
cell-balancing method, as the aging of a relatively small-capacity battery proceeds rapidly,
the DCIR deviation due to the SOC deviation also increases at the charging completion
stage such that the voltage distribution phenomenon does not occur, and the charging
voltage of the battery with a relatively small capacity increases. An increase was observed;
however, when the proposed cell balance method was applied, the aging of the battery
with a relatively small capacity proceeded more slowly than before. It was confirmed that
the DCIR deviation was minimized, and the resulting voltage distribution was minimized
as the SOC was unified to 100% in the charging completion stage. The authors realize that
the understanding of batteries is insufficient, and they will continue research to understand
battery characteristics and find solutions for ESS and electric vehicle fires.
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